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ORIGINAL ARTICLE
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Understanding the mechanisms with which organisms can respond to a rapidly
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changing ocean is an important research priority in marine sciences, especially in the
light of recent predictions regarding the pace of ocean change in the coming decades. Transgenerational effects, in which the experience of the parental generation
can shape the phenotype of their offspring, may serve as such a mechanism. In this
study, adult purple sea urchins, Strongylocentrotus purpuratus, were conditioned to
regionally and ecologically relevant pCO2 levels and temperatures representative of
upwelling (colder temperature and high pCO2) and nonupwelling (average temperature and low pCO2) conditions typical of coastal upwelling regions in the California
Current System. Following 4.5 months of conditioning, adults were spawned and
offspring were raised under either high or low pCO2 levels, to examine the role of
maternal effects. Using RNA-seq and comparative transcriptomics, our results indicate that differential conditioning of the adults had an effect on the gene expression
patterns of the progeny during the gastrula stage of early development. For example, maternal conditioning under upwelling conditions intensified the transcriptomic
response of the progeny when they were raised under high versus low pCO2 conditions. Additionally, mothers that experienced upwelling conditions produced larger
progeny. The overall findings of this study are complex, but do suggest that transgenerational plasticity in situ could act as an important mechanism by which populations might keep pace with rapid environmental change.
KEYWORDS

gene expression, maternal effects, organism–environment interactions, RNA-seq,
Strongylocentrotus purpuratus, transgenerational plasticity

1 | INTRODUCTION

recently attracted attention in marine systems as a means of rapid
response to global climate change (GCC) (Donelson & Munday,

Transgenerational plasticity (TGP), or transgenerational effects, in

2015; Goncalves et al., 2016; Munday, 2014; Parker, O’Connor, Raf-

which the history of the parental generation shapes the phenotype

€ rtner, & Ross, 2015; Ross, Parker, & Byrne, 2016; Schunter
tos, Po

of the offspring (Bondurianski & Day, 2009; Marshall, 2008), has

et al., 2016, 2018; Thor & Dupont, 2015). Research in this area has
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examined how laboratory conditioning of adults (Lane, Campanati,

2016). Strongylocentrotus purpuratus in this area typically spawn

Dupont, & Thiyagarajan, 2015; Parker et al., 2015; Putnam & Gates,

annually from January to July, while undergoing gametogenesis in

2015; Salinas & Munch, 2012; Schunter et al., 2018; Shama et al.,

the interim months, primarily during the fall and winter (Strath-

2016; Thor & Dupont, 2015) and how adult history in situ might

mann, 1987). As a result, adult S. purpuratus may experience upwel-

alter the tolerances of the progeny to abiotic stressors (Evans,

ling conditions during gametogenesis. This can influence their

Pespeni, Hofmann, Palumbi, & Sanford, 2017; Kelly, Sanford, & Gros-

gametes and the eventual phenotype of their progeny, including

berg, 2011; Murray, Malvezzi, Gobler, & Baumann, 2014). Transgen-

how their offspring respond to abiotic stressors such as elevated

erational effects do not involve transmission of DNA sequences

pCO2 levels. As calcifying organisms, sea urchins are potentially vul-

(Bondurianski & Day, 2009) and may be somatic, cytoplasmic, nutri-

nerable to low pH/high pCO2 conditions due to the lowered avail-

tional or epigenetic (Munday, 2014). Epigenetic modulation of the

ability of carbonate ions used in skeletogenesis. Low pH conditions

transcriptome has been identified as one mechanism that could

have also been shown to disrupt internal acid–base balance in urch-

operate quickly in a rapidly changing environment. Here, we assess

ins (Miles, Widdicombe, Spicer, & Hall-Spencer, 2007). Exposure of

the role of TGP in the transcriptomic response of the progeny and

EDS echinoderms to elevated pCO2 levels can lead to a reduction

hypothesize that abiotic conditions experienced by adults during

in size (Byrne, Ho et al., 2013; Clark, Lamare, & Barker, 2009;

gametogenesis may alter the response of the F1 generation to dif-

Dupont, Havenhand, Thorndyke, Peck, & Thorndyke, 2008; Kurihara

ferent pCO2 levels.

& Shirayama, 2004; O’Donnell, Hammond, & Hofmann, 2009; Shep-

Marine organisms face a suite of complex and interacting abi-

pard Brennand, Soars, Dworjanyn, Davis, & Byrne, 2010) and scope

otic factors that will change and intensify in the future (Boyd, Len-

for growth (Stumpp, Dupont, Thorndyke, & Melzner, 2011; Stumpp,

nartz, Glover, & Doney, 2015; Breitburg et al., 2015; Gunderson,

Wren, Melzner, Thorndyke, & Dupont, 2011; Stumpp et al., 2012),

Armstrong, & Stillman, 2016), and the early developmental stages

~o, Kelley, Evans, & Hofmann,
alter metabolic rates (Padilla-Gamin

(EDSs) may be particularly vulnerable (Byrne, 2011; Gosselin &

2013; Stumpp, Wren et al., 2011) and affect gene regulation,

Qian, 1997; Kurihara, 2008). Any means of altering tolerance to

including skeletogenic pathways, spicule matrix proteins, and ion

abiotic stress may facilitate the continued survival of a species

regulation and transport (Evans, Chan, Menge, & Hofmann, 2013;

(Somero, 2010). TGP may be paramount to conferring such toler-

~ o et al., 2013; Stumpp
Evans & Watson-Wynn, 2014; Padilla-Gamin

ance, buying time for adaptation to take place (Chevin, Gallet,

et al., 2012). Due to the highly variable ocean conditions experi-

Gomulkiewicz, Holt, & Fellous, 2013). Here, the “plasticity first”

enced by urchin populations and the potential adult exposure to

hypothesis (sensu Schwander & Leimar, 2011; West-Eberhard,

upwelling conditions, which may subsequently impact offspring

2005) proposes that phenotypic plasticity initiated by abiotic condi-

response to variable pCO2 levels, this species provides a valuable

tions during development is an important source of tolerance to

opportunity with which to examine TGP.

environmental stress (Levis & Pfennig, 2016). Although TGP may

Some S. purpuratus populations may be relatively tolerant to

allow species to cope with rapid environmental changes (Bossdorf,

low pH conditions (Byrne, Lamare, Winter, Dworjanyn, & Uthicke,

Richards, & Pigliucci, 2008; Salinas & Munch, 2012), it may also be

2013; Hofmann et al., 2014) due to generations of frequent low

disadvantageous if there is a negative parental response (Putnam &

pH exposure within upwelling regimes (Evans et al., 2017; Kelly,

Gates, 2015), such as a reduction in gamete quality, or if a rapid

~ o, & Hofmann, 2013; Padilla-Gamin
~ o et al., 2013;
Padilla-Gamin

environmental change causes the offspring to experience conditions

Pespeni, Chan, Menge, & Palumbi, 2013; Pespeni, Sanford et al.,

very different than what their parents prepared them for (Marshall,

2013). However, future oceans will possess a greater intensity of

2008; Munday, 2014). Regardless, failing to consider the parents’

abiotic stressors, possibly forcing this species beyond its threshold

environmental history, particularly during gametogenesis, may lead

of tolerance. The continuation of ocean acidification (OA) due to

to inaccurate predictions regarding how EDSs respond to current

rising levels of atmospheric CO2 (Doney, Fabry, Feely, & Kleypas,

and future ocean stressors.

2009; Hoegh-Guldberg & Bruno, 2010; Orr et al., 2005) will mag-

The purple sea urchin, Strongylocentrotus purpuratus, is an eco-

nify the effects of upwelling (Gruber et al., 2012), further decreas-

logically important keystone species (Pearse, 2006) that is fre-

ing pH conditions in coastal waters, an occurrence that is already

quently used as a model organism in developmental biology (Jasny

being observed today (Feely et al., 2008). Additionally, the intensity

& Purnell, 2006). Populations of S. purpuratus inhabit coastal

and duration of upwelling are expected to rise with future climate

regions characterized by highly dynamic and variable water condi-

change (Diffenbaugh, Snyder, & Sloan, 2004). Mechanisms such as

tions, and as such, may be exposed to a range of abiotic stressors.

local adaptation require long timescales across multiple generations

Most notably, seasonal upwelling can dominate areas such as the

and may not be sufficient in the future with the rapid progression

California Current System (CCS), bringing deep waters characterized

of GCC and OA. However, TGP can function on much shorter

by low pH and low temperature up to the surface (Feely, Sabine,

timescales.

Hernandez-Ayon, Ianson, & Hales, 2008; Hauri et al., 2009). In

Given the dynamic environment of the CCS, exploring patterns

coastal areas within the Santa Barbara Channel, low total pH

of gene expression is an ideal means of assessing organismal

(~7.83) and low temperatures (11.5–14°C) have been observed dur-

response. Transcriptomics allows for a molecular-level examination,

ing upwelling events (Kapsenberg & Hofmann, 2016; Rivest et al.,

providing valuable insight into physiological effects and how
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organisms respond to their environment (DeBiasse & Kelly, 2016;

a “common garden” trial, we found that there were transgenera-

Evans & Hofmann, 2012; Gracey, 2007). As a phenotypic trait, the

tional (i.e., intergenerational) and within-generational (i.e., intragen-

transcriptome can be examined and compared between organisms

erational) differences in gene expression. Lastly, we aimed to

that experience different environmental conditions (DeBiasse &

characterize the differential response among offspring. This study

Kelly, 2016; Zhou, Campbell, Stone, Mackay, & Anholt, 2012). Previ-

aims to investigate TGP, a potential mechanism by which popula-

ous studies have successfully used transcriptomics to examine how

tions might keep pace with rapid environmental change, in S. pur-

organisms respond to high pCO2 environments (Evans et al., 2017;

puratus.

~o et al., 2013; Todgham & HofMoya et al., 2012; Padilla-Gamin
mann, 2009; Walder, Langtimm, Chatterjee, & Walder, 1983) and
how transgenerational effects may alter the transcriptional response
to stress (De Wit, Dupont, & Thor, 2015; Goncalves et al., 2016;
Schunter et al., 2016, 2018; Shama et al., 2016). To investigate

2 | MATERIALS AND METHODS
2.1 | Animal collection and conditioning

whether differential conditioning of the adults affected the response

Adult urchins were collected by SCUBA on 2 September 2015 from

of their progeny, RNA-seq and comparative transcriptomics were

a subtidal rocky reef near Goleta Beach, Goleta, CA (34° 240

used to examine gene expression patterns during the gastrula stage

49.38″ N, 119° 490 19.56″ W), and transported to the Marine

of early development. In addition, we measured body size as an

Science Institute at the University of California Santa Barbara

organismal trait that is a commonly used proxy for performance in

(UCSB) (Santa Barbara, CA, USA). Two treatments were chosen to

early-stage invertebrates. The gastrula stage was selected for this

reflect conditions recorded in the CCS during periods between and

study because gastrulation is considered to be perhaps the most vital

during upwelling events (Kapsenberg & Hofmann, 2016; Rivest

and fundamental process during metazoan development (Wolpert,

et al., 2016). The nonupwelling treatment (N) was maintained at

1992; Wray & Raff, 1991). Additionally, the maternal-to-zygotic tran-

~400 latm and ~17°C, while the upwelling treatment (U) was main-

sition (MZT) in S. purpuratus occurs very early in development

tained at ~1,100 latm and ~14°C. Adult conditioning began prior

(Tadros & Lipshitz, 2009; Wei, Angerer, & Angerer, 2006), and by

to the onset of seasonal gonadal development in order to capture

the gastrula stage, the zygotic genome is fully activated.

the entirety of gametogenesis. Adults were conditioned for

Adult S. purpuratus were conditioned to regionally and ecologically relevant pCO2 levels and temperatures representative of con-

~4.5 months, during which time they were fed kelp (Macrocystis
pyrifera) once every week and the aquaria were regularly cleaned.

ditions measured during nonupwelling (~400 latm pCO2, ~17°C)

A flow-through CO2-mixing system modified from Fangue et al.

and upwelling (~1,100 latm pCO2, ~14°C) physical conditions that

(2010) was used to maintain experimental pCO2 conditions. Two 20-

are typically observed in the CCS (Chan et al., 2017; Kapsenberg

gallon glass aquaria were established as reservoir tanks for each

& Hofmann, 2016). Our goal was to determine whether differen-

treatment, which each fed 0.35 lm filtered, UV sterilized seawater

tial adult conditioning could elicit a transgenerational effect, so for

(FSW) to three replicate adult tanks per treatment at a rate of 8 L/

this study, we acclimated adult urchins to a simplified set of con-

hr (16 L/hr total). Filtered, CO2-scrubbed, dry air was mixed with

ditions and did not incorporate pCO2 and temperature variability

pure CO2 using SmartTrakâ 100L Series Mass Flow Controllers and

that can be observed in situ into the acclimation period. In addi-

MicroTrakTM 101 Series Mass Flow Controllers (Sierra Instruments,

tion, although the mechanisms of TGP can be maternal and/or

USA), respectively, and used to establish the target pCO2 levels

paternal, here, we chose to focus on only maternal contributions.

within the reservoir tanks. Each adult tank was composed of a 20-

Following 4.5 months of conditioning, adults were spawned and

gallon glass aquarium fitted with a small fountain pump (Total Pond,

their offspring were raised at a single, ecologically relevant tem-

70gph) to aid mixing. Treatment temperatures were controlled using

perature (15°C), but at two different pCO2 levels that represent

Delta Starâ heat pumps with Nema 4x digital temperature con-

end members of what the embryos might experience in situ in

trollers (AquaLogic, San Diego, CA, USA).

coastal waters: a low pCO2 level (~400 latm) or a high pCO2

Temperature, salinity and pH measurements were taken every 1

level (~1,100 latm), to examine the role of maternal effects on

to 2 days during adult conditioning. Temperature was measured

body size and in the transcriptomic response of the progeny to

using a wire thermocouple (Thermolyne PM 20700/Series 1218),

different pCO2 conditions. While other studies have investigated

and salinity was measured using a conductivity meter (YSI 3100).

how genetic variation affects plasticity (Runcie et al., 2012, 2016),

Measurements of pH were conducted following the standard operat-

here, we investigated average maternal effects incurred by each

ing procedure (SOP) 6b (Dickson, Sabine, & Christian, 2007), using a

of our treatments, as measured across pooled genotypes, in an

spectrophotometer (Bio Spec-1601, Shimadzu) and m-cresol purple

experimental set-up which mimics in situ situations in which

(Sigma-Aldrich) indicator dye. A sample for total alkalinity (TA) was

female urchins mass spawn, to investigate TGP within a popula-

taken every 3 to 5 days and was estimated using SOP 3b (Dickson,

tion of S. purpuratus. Our goal was to determine whether differen-

Sabine, & Christian, 2007). CO2calc (Robbins, Hansen, Kleypas, &

tial abiotic conditioning of females would change the performance

Meylan, 2010) was used to estimate parameters of pCO2 and

of the progeny (Sultan, 2017) where the transcriptome itself was

Ωaragonite using the carbonic acid dissociation constants of Lueker,

the trait to be measured. Using EDS culturing to raise embryos in

Dickson, and Keeling (2000).
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N
n=1

Sperm

Preconditioned
mothers

N

×

n=5
Pooled eggs from
each treatment

F I G U R E 1 Experimental design
showing crosses of nonupwellingconditioned and upwelling-conditioned
females with a single nonupwellingconditioned male. The embryos from each
cross were placed into either low or high
pCO2 culturing vessels (with three
replicates each), resulting in four treatment
types: NL, NH, UL and UH

1) Crossed adults
conditioned to
Nonupwelling (N) and
Upwelling (U) treatments

U

×

n=7

Embryos

Culture vessels

2.2 | Spawning and culturing

3

3

!"
NL

!"
NH

2) Embryos of each cross
placed into Low (L) or
High (H) pCO2 conditions

3

!"
UL

3

!"
UH

stages are developing in situ, as supported by environmental data
from field sensors (Hofmann & Washburn, 2015; Kapsenberg &

Urchin spawning was induced via intracoelomic injection of 1.0 M

Hofmann, 2016). The EDS culturing vessels were composed of

KCl. Because sea urchins cannot be accurately sexed prior to spawn-

two, nested 5-gallon buckets (12 L capacity), in which the inner

ing, a maximum number of urchins were conditioned that could be

bucket was fitted with 64-micron mesh to prevent the loss of the

held within the space constraints of our CO2 system. Due to uneven

embryos while allowing for a flow through of treated seawater (at

sex ratios, eggs of high viability and quality were only obtained from

a rate of 6 L/hr). Embryos were initially placed in each culture

five females conditioned to the nonupwelling treatment and seven

vessel at a density of 10 embryos/ml, although sampling processes

females conditioned to the upwelling treatment. Eggs from females

decreased larval densities throughout the experiment. Each culture

of each treatment were pooled together. We prioritized incorporat-

vessel contained a paddle driven by a 12-V motor to allow con-

ing the maximum number of female contributors because our ques-

tinuous, gentle mixing. Treatment conditions were designated as

tions focused on the average maternal effects for each treatment, as

follows: offspring of mothers conditioned to nonupwelling raised

measured across a pool of genotypes. Two crosses were performed

under low pCO2 conditions (NL), offspring of mothers conditioned

in which a single male conditioned to the nonupwelling treatment

to nonupwelling raised under high pCO2 conditions (NH), offspring

was crossed with each set of females (Figure 1). Because we were

of mothers conditioned to upwelling raised under low pCO2 condi-

not examining paternal effects during this study, only one male was

tions (UL) and offspring of mothers conditioned to upwelling

used to ensure all offspring were full or half-siblings, limiting geno-

raised under high pCO2 conditions (UH). Three replicate culture

typic diversity that might otherwise confound our results. Dilute,

vessels were used for each of the four treatments (12 vessels

activated sperm was slowly added to the eggs until at least 95% fer-

total). The temperature, salinity and pH of each reservoir and cul-

tilization success was reached.

ture vessel were measured daily, implementing the same methods

Embryos from each cross were divided and raised under either

used during adult conditioning.

a low pCO2 (L) level of ~400 latm or a high pCO2 (H) level of
~1,100 latm. We chose to raise the embryos at one temperature
to ensure synchronous development and sampling across all cul-

2.3 | Sample collections

tures. All progeny was raised at ~15°C, and as we know that low

Eggs were sampled from each female for morphometric analyses.

pH conditions can alter the physiology of EDSs (Kelly et al., 2013;

The eggs were fixed in 2% formalin in seawater and stored at 4°C

~o et al., 2013; Yu, Matson, Martz, & Hofmann,
Padilla-Gamin

until imaged, for no longer than two months. At approximately 30 hr

2011), pCO2 was altered to drive the calcification environment

postfertilization, the progeny reached the late gastrula stage, at

(see Byrne, 2011; Ross et al., 2016). These pCO2 levels and tem-

which time, the archenteron was invaginated about one-half to four-

perature combinations would occur in nature when the early

fifths the body length of the gastrulae. The gastrulae were
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concentrated using gentle filtration onto a fine mesh screen (35 lm).

FASTQC

Gastrula morphometric samples were preserved in the same manner

isoforms decreased alignment and mapping efficiency for paired-

used for eggs. The samples for transcriptomic analyses were col-

end reads. Therefore, only single-end reads were mapped to the

lected by transferring approximately 5,000 gastrulae into a 1.5-ml

21,092 predicted genes of the S. purpuratus developmental tran-

Eppendorf tube. The gastrulae were quickly pelleted by centrifuga-

scriptome (Tu, Cameron, Worley, Gibbs, & Davidson, 2012) and

tion, and excess seawater was removed. Samples were then flash

counted to calculate expression values using RSEM (Li & Dewey,

frozen in liquid nitrogen and stored at 80°C.

2011). Differential gene expression (DE) analyses were performed

(version 0.11.5) (Andrews, 2010). The presence of splice

using the package

LIMMA

(Ritchie et al., 2015) in

R

(version 3.3.1).

The data were filtered to sequences that have more than 0.5

2.4 | Morphometrics

counts per million mapped reads across all 24 samples. Scale nor-

Eggs from each female and gastrulae from each treatment were

malization was applied to the read counts using a trimmed mean

digitally photographed under bright field DIC illumination using a

of M-values (TMM) normalization method (Robinson & Oshlack,

compound microscope (Olympus BX50) with an attached digital

2010). A voom transformation was applied to the read counts to

camera (Infinity Lite) and

software (version 6.2.0).

IM-

convert them to log-counts per million while accounting for sam-

(National Institutes of Health, USA) was used to analyse the

ple-specific quality weights and blocking design. Samples were

digital photographs and obtain morphometric measurements. Eggs

blocked by biological replicate (i.e., the two samples taken from

from each female and gastrulae from each treatment replicate were

each sample vessel). Principal component analysis (PCA) was used

measured (n ≥ 30). The diameter of each egg was measured three

to examine distances between samples. Only the filtered, normal-

times to calculate the average egg diameter. Gastrulae were ori-

ized and voom-transformed data were used for PCA and DE anal-

ented such that the full side profile of the archenteron was visible

yses using

AGEJ

INFINITY CAPTURE

LIMMA.

and aligned with the centre of the vegetal plate. The maximum dis-

A contrast matrix was used to make pairwise comparisons

tance from the anterior to posterior end, down the centre of the

between the treatment types, resulting in four comparisons of inter-

archenteron, was measured to obtain the length of each gastrula. A

est: (1) offspring of upwelling-conditioned mothers versus offspring

one-way analysis of variance (one-way ANOVA) was used to com-

of nonupwelling-conditioned mothers all raised under low pCO2 con-

pare the means between samples with experimental treatment set

ditions (UL vs. NL), (2) offspring of upwelling-conditioned mothers

as a fixed factor, and mother identity (for eggs) or culture vessel

versus offspring of nonupwelling-conditioned mothers all raised

(for gastrulae) set as random effects. The data were tested to ver-

under high pCO2 conditions (UH vs. NH), (3) offspring of nonupwel-

ify it met the assumptions of an ANOVA, including normality and

ling-conditioned mothers raised under high versus low pCO2 condi-

homogeneity of variance. If a difference in means was detected,

tions (NH vs. NL) and (4) offspring of upwelling-conditioned mothers

pairwise comparison tests were conducted by a test using false dis-

raised under high versus low pCO2 conditions (UH vs. UL).

covery rate (FDR). All statistical analyses were performed using

which uses moderated t-statistics and p-values adjusted by the Ben-

PRO

JMP

(version 11.2.0).

LIMMA,

jamini and Hochberg’s method to control the false discovery rate
(Benjamini & Hochberg, 1995), was used to determine differentially
expressed genes (relatively down- or up-regulated) for each

2.5 | RNA extractions and sequencing

comparison (adjusted p-value < .05).

Total RNA was extracted using 500 lL of Trizolâ reagent, following
the manufacturer’s instructions (Invitrogen). Two samples from each
culture vessel were used to generate a total of 24 libraries.
Libraries

were

generated

from

high-quality

RNA

using

the

2.7 | Weighted Gene Co-Expression Network
Analysis

NEBNextâ UltraTM Directional RNA Library Prep Kit for Illuminaâ

While

(New England Biolabs). Each final library concentration was quanti-

Weighted Gene Co-Expression Network Analysis (WGCNA) (Lang-

LIMMA

is useful for conducting pairwise comparisons, the

fied using a Qubitâ fluorometer (Life Technologies). The libraries

felder & Horvath, 2008) package in

were submitted to the Genome Center at the University of Califor-

terns of gene expression across all treatments simultaneously.

nia, Davis for sequencing on an Illumina HiSeq 4000 sequencer,

WGCNA was used to generate a correlation network to identify

with 150 base pair (bp) paired-end reads on a single lane. Addi-

clusters of similarly expressed genes into modules, with a minimum

tional details regarding extraction and sequencing methods are

of 30 genes per module. A module’s eigengene summarizes the over-

described in Supporting Information.

all module expression profile. Modules with highly correlated eigen-

R

allows the user to examine pat-

genes were merged using a threshold value calculated based on the
number of samples using the dynamicMergeCut WGCNA function in

2.6 | Data processing and DE analyses

R.

Eigengene expression was then correlated with the four experi-

TRIM GALORE!

mental treatment types (NL, NH, UL and UH). A heatmap was used

(version 0.4.1) (Krueger, 2015), and base pairs with quality scores

to visualize all significant correlations between modules and treat-

below 30 were removed. Sequence quality was verified using

ments.

Adapter sequences were trimmed from reads using

WONG
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in length than those of mothers that experienced nonupwelling

2.8 | Functional gene enrichment

conditions (~400 pCO2, ~17°C) (Figure 2). UL gastrulae were the

Gene ontologies from www.echinobase.org were used to perform

greatest in length, averaging 1.4% longer than UH, 6.4% longer

functional enrichment analyses in

(version 4.0) (Fisher’s

than NL and 8.2% longer than NH. Progeny that were raised under

Exact Test FDR = 0.05). Lists of gene ontology (GO) terms were

BLAST2GO

the same conditions, but whose mothers experienced different con-

generated for all differentially expressed genes in each pairwise com-

ditions were significantly different from each other (i.e., UL vs. NL

parison of interest. GO terms fell within three GO categories: (1) cel-

[FDR q-value = .0294] and UH vs. NH [FDR q-value = .0294]). In

lular component, (2) molecular function and (3) biological process.

contrast, there were no significant differences between offspring

These same methods were used to identify GO terms associated

treatments in which the parental conditions were shared (i.e., NL
q-value = .4897]

with each WGCNA module eigengene. KEGG (Kyoto Encyclopedia

vs.

of Genes and Genomes) analyses are presented in Supporting Infor-

value = .4897]). Morphometric analyses from the pluteus stage are

mation (Tables S7–S11).

detailed in Supporting Information.

3 | RESULTS

3.3 | Summary statistics and overview of RNA-seq

3.1 | Parental conditioning and carbonate chemistry

Trimming the sequence reads resulted in 13 to 18 million reads per

Adult urchins were conditioned for 4.5 months. Urchins that exhib-

results of trimmed sequences showed high sequence quality (> 30)

ited any indication of poor health were removed from the experi-

without adapter contamination or overrepresented sequences. Per-

ment prior to spawning, but very low mortality was observed. Little

library mapping efficiency using RSEM ranged from 36% to 53%,

to no observable mortality of EDSs was noted in the cultures prior

with an average of 44%. Reads that failed to map to the S. purpura-

to sampling. Although water chemistry showed some variability dur-

tus developmental transcriptome were a combination of mitochon-

NH

[FDR

and

UL

vs.

UH

[FDR

q-

sample, with an average of 15.7 million reads per sample. FastQC

ing the experiment, pCO2 treatments remained divergent throughout

drial rRNA sequences and trace contamination. After using

the course of both adult conditioning and embryo culturing (Table 1).

filter the data to those with more than 0.5 counts per million

Variation in pCO2 was likely attributable to fluctuations caused by

mapped reads, 13,967 sequences remained.

LIMMA

to

respiration. TA, salinity and temperature remained stable throughout
the experiment (Table 1).

3.4 | Influence of adult conditioning on the gastrula
transcriptome

3.2 | Morphometric analyses

Overall, the transcriptomes of the embryos differed as a function

Eggs from females that experienced combined high pCO2 and low

of maternal conditioning, in which one group of adults was condi-

temperature upwelling conditions (U) during gametogenesis were

tioned to ~400 latm pCO2 and ~17°C (i.e., the nonupwelling treat-

on average 3.2% larger in diameter than eggs from females that

ment), and one group of adults was conditioned to ~1,100 latm

experienced combined low pCO2 and average temperature nonup-

pCO2 and ~14°C (i.e., the upwelling treatment) (Figures 3–5). To

welling conditions (N), although this difference was not significant

examine overall similarities in patterns of gene expression across

when the variability in egg sizes between individual females of

the experimental treatments, a PCA plot was used to examine sam-

both

(F-

ple-to-sample distances following voom transformation of the read

ratio = 4.0104, p-value = .0731) (Figure S1). There was a maternal

treatments

was

accounted

for

in

the

analysis

counts (Figure 3a). In general, the biological and technical replicates

treatment effect, but not an offspring treatment effect, on the

within each treatment clustered together. Gene expression patterns

length of the gastrulae. Specifically, the progeny of mothers that

of the progeny grouped together depending on what their parents

experienced upwelling conditions (~1,100 pCO2, ~14°C) was greater

experienced, which resulted in two major clusters: (1) offspring of

T A B L E 1 Seawater conditions during the experiment. Adult conditioning included additional temperature differences to mimic nonupwelling
and upwelling conditions. Values are given as mean  standard deviation
pHtotal

pCO2 (latm)

Ωaragonite

TA (lmol kgSW1)

Salinity

Temp (°C)

Adult conditioning
Nonupwelling (N)

7.98  0.10

485  166

2.18  0.39

2,225  5

33.0  0.8

16.8  0.8

Upwelling (U)

7.76  0.10

1,208  345

0.91  0.19

2,225  5

33.0  0.8

13.6  0.8

Progeny treatment
Low pCO2 (L)

8.06  0.01

371  12

2.38  0.05

2,220  0.7

33.4  0.1

15.4  0.1

High pCO2 (H)

7.68  0.10

1,011  235

1.11  0.25

2,220  0.7

33.4  0.1

15.3  0.03
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0.285

(Figure 3b). Functional enrichment analyses identified down-regu-

c

0.280

ET AL.

a,c

lated GO terms including some related to metabolic and epigenetic
processes as well as to gene expression (Tables 2, S1). 2,005

0.275

genes were up-regulated in offspring from mothers who experienced upwelling conditions (UL)

Length (mm)

0.270

compared to those whose

mothers experienced nonupwelling conditions (NL) (Figure 3b). Up-

a,b
0.265

regulated GO terms were identified, including terms related to
b

oxidative

0.260

phosphorylation,

ion

transport

and

ATP

synthesis

(Tables 2, S1).
0.255

3.7 | Comparison II: Different maternal conditions +
progeny raised under high pCO2 – UH vs. NH

0.250

0.245

In contrast to the previous comparison, there were many fewer

0.240
NL

NH

UL

UH

Treatment

F I G U R E 2 Average length of gastrulae from each of the four
treatment types (i.e., NL, NH, UL and UH), with error bars showing
standard error. Any treatments that do not share assigned letters
(i.e., a, b or c) are significantly different from one another

genes differentially expressed in embryos raised in a high pCO2 environment, but who did not share the same parental treatment conditions (Figure 3b). Only 159 genes were down-regulated in gastrulae
whose mothers experienced upwelling conditions (UH) compared to
those whose mothers experienced nonupwelling conditions (NH). No
GO terms were identified for down-regulated genes. 238 genes were
up-regulated in UH relative to NH. Up-regulated GO terms were

mothers who experienced nonupwelling conditions (NL and NH)

related to transcription factor activity and DNA binding (Tables 2,

and (2) offspring of mothers who experienced upwelling conditions

S2).

(UL and UH). Conversely, grouping of progeny was not necessarily
dependent on which conditions the offspring experienced during
development. Therefore, the progeny grouped by maternal conditioning (i.e., nonupwelling vs. upwelling) despite the environment in
which they developed (i.e., offspring conditions which differed by
pCO2 level). In summary, the PCA plot showed that parental condi-

3.8 | Comparison III: Mothers conditioned to
nonupwelling + different progeny pCO2 conditions –
NH vs. NL
Embryos exhibited a relatively muted transcriptomic response to

tions were more predictive of transcriptomic similarity than were

high pCO2 when their mothers were conditioned to nonupwelling

offspring conditions.

conditions (NH vs. NL). In gastrulae whose mothers shared the same
nonupwelling conditions, 504 genes were down-regulated in those
raised under high pCO2 (NH) compared to those raised under low

3.5 | Pairwise comparisons of the gastrula
transcriptomes

pCO2 (NL) (Figure 3b). Down-regulated GO terms included those

As noted, the combined pCO2 and temperature acclimation condi-

up-regulated when the offspring were raised under high pCO2 (NH)

tions of the adults influenced the gene expression patterns of the

compared to those raised under low pCO2 (NL) (Figure 3b). Func-

gastrulae when they were raised under the “common garden” condi-

tional enrichment analyses of the up-regulated genes did not identify

tions of low or high pCO2 levels at ~15°C. Below, we describe differ-

any GO terms.

related to protein catabolism (Tables 2, S3). Only 231 genes were

ential gene expression comparisons between each set of treatments.

3.6 | Comparison I: Different maternal conditions +
progeny raised under low pCO2 – UL vs. NL

3.9 | Comparison IV: Mothers conditioned to
upwelling + different progeny pCO2 conditions – UH
vs. UL

When the embryos were raised under the low pCO2 treatment, they

Unlike the previous comparison, the transgenerational effect of

exhibited significant differences in gene expression between those

mothers who experienced upwelling conditions had a large impact

whose mothers experienced upwelling conditions (UL) and those

on the response of the offspring to different pCO2 levels (UH vs.

whose mothers experienced nonupwelling conditions (NL). The com-

UL) and resulted in many more genes that were differentially

parison of UL versus NL had more differentially expressed genes

expressed (Figure 3b). Among the progeny of mothers conditioned

than any other pairwise comparison (Figure 3b).

under upwelling, 1,355 genes were down-regulated in the offspring

A total of 3,000 genes were down-regulated in offspring from

raised under high pCO2 (UH) compared to those raised under low

mothers who experienced upwelling conditions (UL) compared to

pCO2 (UL). Down-regulated GO terms included those related to pro-

those whose mothers experienced nonupwelling conditions (NL)

tein

catabolism,

ion

transport

and

oxidative

phosphorylation
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20

NL
0

NH
UL
UH

−20

Component 2 (PC2): 7.178%

(a)

−50

50

0
Component 1 (PC1): 61.21%

(b)
3,000

Up-regulated

2,000

NH vs. NL
UH vs. NH
23
177
UH vs. UL
104
37
0
153
116
0
194
51
0
0

0
0

2686
1728
1,000

Gene counts

UL vs. NL

146
69

8
5
24
7

16
5

UL vs. NL UH vs. NH NH vs. NL UH vs. UL

8
2

9464
10513

2
1
0
−1
−2

UH vs. UL only
NH vs. NL only

−3

F I G U R E 4 Log-fold change in
expression of differentially expressed
genes in response to high versus low pCO2
treatment of the offspring, separated by
maternal treatment. A line with slope = 1
is shown

UH vs. UL Log-fold Change in Expression

3

LIMMA

1142
1252

4
0

0

F I G U R E 3 Global RNA-seq patterns of
the gastrula stage progeny. (a) Principal
component analysis (PCA) plot showing
distances between samples. The PCA was
performed on gene counts that had
undergone filtering and voom
transformation using LIMMA. (b) Histogram
and Venn diagram displaying the amount
of differentially expressed genes
(FDR = 0.05) for each treatment pairwise
comparison of interest determined using

Down-regulated

(Tables 2, S4). 1,322 genes were up-regulated in those raised under

Both comparisons
−2

−1

0

1

2

NH vs. NL Log-fold Change in Expression

conditions experienced by their mothers. The offspring of mothers

high pCO2 (UH) compared to those raised under low pCO2 (UL) (Fig-

conditioned to upwelling (~1,100 latm pCO2, ~14°C) differentially

ure 3b). Within these, GO terms included those related to gene

expressed many more genes than did the offspring of mothers con-

expression, metabolic processes and ATP binding (Tables 2, S4).

ditioned to nonupwelling conditions (~400 latm pCO2, ~17°C) when

In summary, the transcriptomic response of gastrulae to the cul-

the progeny was raised under the higher versus lower pCO2 condi-

turing conditions was very different depending on the acclimation

tions (UH vs. UL compared to NH vs. NL) (Figures 3b and 4).
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0.6
0.4

Height

(a)

0.8

1.0

1128

Modules
Merged modules

(b)

Number of genes
1

999

−0.54 (0.006) 0.69 (2e−04)

Red
Green

363

−0.55 (0.005) 0.48 (0.02)

Magenta

0.62 (0.001)

586

−0.53 (0.007) −0.43 (0.03)

0.5
7,831

Turquoise

Black

3,222

0.43 (0.03)

Blue

0

0.48 (0.02)

406

−0.49 (0.01)

Green yellow

243

−0.5 Light cyan

111

29

H
U

U

N

L

−0.42 (0.04)

L

177

H

Grey

−1

−0.43 (0.04) 0.68 (3e−04)

N

Light green

0

6000

F I G U R E 5 Weighted Gene CoExpression Network Analysis, including
module generation and their correlation to
experimental treatments. (a) Cluster
dendrogram of all 13,967 genes, with
dissimilarities based on topological overlap.
Modules are assigned below, including
modules remaining after merging based on
a cut height of 0.26. (b) Significant
relationships between module eigengenes
(rows) and treatments (columns) in which
the colour scale (red-blue) represents the
strength of the correlation (1 to -1). Each
correlation is represented by a r2 value and
p-value in parenthesis

Additionally, the log-fold change in expression of these differentially

(Figure 5a). These 21 modules were then merged using a threshold

expressed genes was generally greater for the offspring of mothers

of 0.26, which corresponded to a height cut-off of 0.26 and a cor-

who experienced upwelling conditions (Figure 4). Relatively few dif-

relation of 0.74 for merging. Merging resulted in 10 modules.

ferentially expressed genes were shared between the two compar-

These modules were related to the experimental treatments to

isons (Figure 3b), and their log-fold change in expression was

generate eigengene networks with assigned correlation values (1

similar (i.e., clustered near the line with a slope equal to 1) (Fig-

to 1) (Figure 5b). Of the 10 module eigengenes, “turquoise” (7,831

ure 4). These shared genes (i.e., genes significantly differentially

genes), “green yellow” (243 genes) and “light cyan” (111 genes) did

expressed in both the UH vs. UL and the NH vs. NL comparisons)

not have any significant correlations (p-value ≤ .05) with any of the

included 181 genes that were down-regulated and 58 genes that

experimental treatments. Functional enrichment analyses of the

were up-regulated. A functional enrichment analysis of the shared

module eigengenes, “magenta” (363 genes), “light green” (177

down-regulated genes included GO terms related to protein cata-

genes) and “grey” (29 genes) did not identify any GO terms. How-

bolic processes (Table S5). Enrichment analysis of the shared up-

ever, the four remaining module eigengenes, “red” (999 genes),

regulated genes only found one GO term, which was related to

“green” (586 genes), “blue” (3,222 genes) and “black” (406 genes)

arginine kinase activity.

were significantly correlated to at least one treatment, and functional enrichment analyses successfully identified GO terms within

3.10 | WGCNA—data summary and module
overview
The WGCNA package was used to highlight groups of genes coexpressed within gastrulae of each experimental treatment. This

each. Analyses of these eigengenes and their significant correlations
to each treatment are described below.

3.11 | Module eigengene, “red”

allowed for a broader examination of gene expression patterns

The module eigengene, “red” had a significant, negative correlation

across all four treatments, instead of comparing two treatments at

to offspring of mothers that experienced nonupwelling conditions

a time. WGCNA was used to generate a gene co-expression matrix

2
= .54, p-valueNH = .006),
and were raised under high pCO2 (rNH

with modules that represented similarly expressed genes. All

but a significant, positive correlation to offspring of mothers that

13,967 genes were assigned into 21 modules, designated by colour,

experienced upwelling conditions and were raised under low pCO2

which

2
(rUL
= .69, p-valueUL = .0002) (Figure 4b). GO terms were identified

merged

modules

with

highly

correlated

eigengenes
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T A B L E 2 Select GO term results from functional enrichment analyses of genes that were differentially expressed in each pairwise
comparison of interest
GO ID

GO term name

GO category

FDR value

No. transcripts
(% of ref)

Down

GO:0044237

Cellular metabolic process

Biological Process

5.84E-37

914 (17.8)

Down

GO:0010467

Gene expression

Biological Process

8.47E-37

455 (23.1)

Down

GO:0006351

Transcription, DNA-templated

Biological Process

1.88E-11

245 (19.5)

Down

GO:0006417

Regulation of translation

Biological Process

4.74E-07

51 (32.1)

Down

GO:0040029

Regulation of gene expression, epigenetic

Biological Process

2.33E-06

22 (61.1)

Down

GO:0016570

Histone modification

Biological Process

4.57E-04

36 (28.6)

Down

GO:0006304

DNA modification

Biological Process

0.0386

Down

GO:0003676

Nucleic acid binding

Molecular Function

5.45E-45

425 (26.4)

Down

GO:0043167

Ion binding

Molecular Function

1.46E-12

590 (15.9)

Down

GO:0008135

Translation factor activity, RNA binding

Molecular Function

1.55E-06

33 (41.8)

Down

GO:0042393

Histone binding

Molecular Function

1.56E-04

19 (50.0)

Up

GO:0006119

Oxidative phosphorylation

Biological Process

2.40E-04

18 (34.0)

Up

GO:0034220

Ion transmembrane transport

Biological Process

4.60E-04

36 (18.8)

Up

GO:0050801

Ion homeostasis

Biological Process

0.00362

28 (18.7)

Up

GO:0042773

ATP synthesis coupled electron transport

Biological Process

0.00371

12 (36.4)

Up

GO:0016491

Oxidoreductase activity

Molecular Function

1.67E-07

109 (14.9)

Up

GO:0046933

Proton-transporting ATP synthase activity, rotational
mechanism

Molecular Function

0.0112

Up

GO:0032502

Developmental process

Biological Process

0.0475

Up

GO:0003705

Transcription factor activity, RNA polymerase II distal
enhancer sequence-specific binding

Molecular Function

0.0222

5 (21.7)

Up

GO:0008301

DNA binding, bending

Molecular Function

0.0222

4 (36.4)

Down

GO:0045862

Positive regulation of proteolysis

Biological Process

5.17E-05

14 (12.7)

Down

GO:0030163

Protein catabolic process

Biological Process

4.58E-04

22 (6.3)

Down

GO:0000502

Proteasome complex

Cellular Component

1.67E-11

17 (34.0)

Down

GO:1905369

Endopeptidase complex

Cellular Component

5.08E-11

17 (29.8)

Down

GO:0004298

Threonine-type endopeptidase activity

Molecular Function

6.38E-05

7 (46.7)

Down

GO:0051603

Proteolysis involved in cellular protein catabolic process

Biological Process

1.11E-05

39 (14.4)

Down

GO:0010498

Proteasomal protein catabolic process

Biological Process

0.00190

22 (15.0)

Down

GO:0006811

Ion transport

Biological Process

0.00608

67 (8.3)

Down

GO:0006119

Oxidative phosphorylation

Biological Process

0.00982

12 (20.3)

Down

GO:0050801

Ion homeostasis

Biological Process

0.0214

20 (12.7)

Down

GO:0070003

Threonine-type peptidase activity

Molecular Function

0.03042

Up

GO:0010467

Gene expression

Biological Process

1.57E-12

194 (8.7)

Up

GO:0008152

Metabolic process

Biological Process

2.00E-11

460 (6.6)

Up

GO:0006351

Transcription, DNA-templated

Biological Process

6.48E-04

105 (7.5)

Up

GO:0010608

Post-transcriptional regulation of gene expression

Biological Process

0.0128

24 (11.3)

Up

GO:0006417

Regulation of translation

Biological Process

0.0147

22 (11.7)

Up

GO:0005524

ATP binding

Molecular Function

3.37E-09

Up

GO:0008135

Translation factor activity, RNA binding

Molecular Function

0.0107

Down/Up-regulated
UL vs. NL

9 (50.0)

5 (125)

UH vs. NH
39 (1.6)

NH vs. NL

UH vs. UL

6 (37.5)

119 (9.4)
15 (15.5)
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within “red”, which included those related to ion transport and meta-

level (~400 latm and ~1,100 latm) at ~15°C. This “common garden”

bolic processes (Tables 3, S6).

trial approach was designed to explore whether adult experience
could alter performance of the offspring, a transgenerational effect.

3.12 | Module eigengene, “green”

Our study has three salient findings: (1) the history of adult sea

Module eigengene, “green” had significant correlations to three

the progeny, (2) maternal conditions had a greater effect on differen-

treatments (Figure 5b). Specifically, “green” had a significant, positive

tial expression (intergenerational effects) than did the response of

correlation to progeny of nonupwelling mothers raised under low

the gastrulae to developing under high pCO2 levels while in culture

2
= .62, p-valueNL = .001). In contrast, “green” had a
pCO2 levels (rNL

(intragenerational effects) and (3) the results indicated a “priming” of

urchins in the laboratory affected the gene expression patterns of

significant, negative correlation to both treatments in which the

the embryonic transcriptome to high pCO2 levels in gastrulae whose

mothers experienced upwelling conditions, regardless of the off-

mothers experienced upwelling conditions during gametogenesis.

2
2
= .53, p-valueUL = .007; rUH
= .43, pspring pCO2 treatment (rUL

While potential prior differences in environmental history between

valueUH = .03). A functional enrichment analysis of “green” identified

adult urchins cannot be discounted or erased, all urchins used in this

GO terms that included those related to metabolic processes, gene

study were collected at the same time and from the same location.

expression and methylation (Tables 3, S6).

Therefore, they were likely from the same population, with shared
similar environmental histories to one another. As such, the primary

3.13 | Module eigengene, “blue”

difference between the conditions experienced by the adults was
the laboratory-controlled exposures imposed on them during this

The module eigengene, “blue” only had a significant, positive correla-

study. Here, we showed that the pCO2 levels and temperatures that

tion to offspring of mothers that experienced upwelling conditions

the adults experienced during gametogenesis impacted the pheno-

2
= .43, p-valueUL = .03)
and were raised under low pCO2 levels (rUL

type of their offspring and their transcriptomic response to different

(Figure 5b). Within “blue”, GO terms that were identified included

pCO2 levels.

those related to oxidative phosphorylation, ATP metabolic processes
and hydrogen transport (Tables 3, S6).

Parental experience possibly played a greater role in the
response of their offspring than did the conditions the embryos
experienced during development (i.e., inter- versus intragenerational

3.14 | Module eigengene, “black”

effects). The adults experienced two different experimental condi-

The module eigengene, “black” had a significant, positive correlation

represent conditions observed in nature (Kapsenberg & Hofmann,

to offspring of mothers that experienced nonupwelling conditions

2016; Rivest et al., 2016). While the experimental design described

2
= .48, p-valueNL = .02),
and were raised under low pCO2 levels (rNL

here cannot separate the impacts of pCO2 and temperature from

but a negative correlation to offspring of mothers that experienced

one another, the combination of factors elicited an observable

upwelling conditions and were raised under high pCO2 levels

transgenerational effect in the offspring. Overall, the gastrula stage

tions, a combination of pCO2 levels and temperatures, meant to

= .49, p-valueUH = .01) (Figure 5b). Within “black”, GO terms

progeny of mothers conditioned to upwelling was larger in size

were identified that included those related to gene expression regu-

than those whose mothers were conditioned to nonupwelling. Lar-

lation and cellular metabolic processes (Tables 3, S6).

ger offspring may be the result of the lower temperature and/or

2
(rUH

lower pH level associated with the upwelling treatment. Generally,
females that experience colder waters produce larger offspring,

4 | DISCUSSION

which has been observed in a variety of organisms including fish
(Feiner et al., 2016), amphipods (Baldanzi, McQuaid, & Porri, 2015),

A growing number of studies have used experimental approaches to

insects (Blanckenhorn, 2000; Fischer, Bot, Brakefield, & Zwaan,

demonstrate the role of transgenerational effects in organismal

2003) and bryozoans (Burgess & Marshall, 2011). In other urchin

responses to environmental change (Bondurianski & Day, 2009;

species, adults that experience decreased pH levels have been

Donelson & Munday, 2015; Goncalves et al., 2016; Munday, 2014;

shown to produce larger eggs and larvae, although this observation

Parker et al., 2015; Putnam & Gates, 2015; Salinas & Munch, 2012;

was dependent on the duration of adult exposure (Suckling et al.,

Schunter et al., 2018; Thor & Dupont, 2015). The study presented

2014, 2015). At the transcriptomic level, an examination of gene

here was designed to test for the presence and effects of TGP in

expression patterns shows a clear separation of progeny of moth-

S. purpuratus by conditioning adults to abiotic conditions in the labo-

ers that experienced nonupwelling conditions from progeny of

ratory that are ecologically relevant, in this case, combined pCO2

mothers that experienced upwelling conditions, whereas there was

and temperature conditions typical of nonupwelling (~400 latm

no evident pattern across offspring pCO2 treatment (Figure 3a). For

pCO2, ~17°C) and upwelling (~1,100 latm pCO2, ~14°C) conditions

instance, samples of progeny raised under low pCO2 levels (UL and

in purple urchin coastal habitat. We then asked how progeny from

NL) did not cluster together and had the greatest number of differ-

differently acclimated adults would respond to conditions that

entially expressed genes of any pairwise comparison (Figure 3). We

embryos would experience in nature, here, a low and a high pCO2

acknowledge that the clustering of samples by maternal treatment
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T A B L E 3 Select GO term results from functional enrichment analyses of genes within WGCNA module eigengenes
GO ID

GO term name

GO category

FDR value

No. transcripts (% of ref)

Red: NH (r2 = .54), UL (r2 = +.69)
GO:0006811

Ion transport

Biological Process

5.82E-06

65 (8.0)

GO:0055085

Transmembrane transport

Biological Process

5.82E-06

56 (8.7)

GO:0006355

Regulation of transcription, DNA-templated

Biological Process

0.00386

74 (5.9)

GO:0008152

Metabolic process

Biological Process

0.00696

310 (4.3)

GO:0005667

Transcription factor complex

Cellular Component

0.00386

48 (6.8)

GO:0015075

Ion transmembrane transporter activity

Molecular Function

8.71E-06

50 (9.1)

GO:0005216

Ion channel activity

Molecular Function

0.00945

21 (9.4)

GO:0009055

Electron carrier activity

Molecular Function

0.0218

18 (9.3)

Green: NL (r = +.62), UL (r = .53), UH (r = .43)
2

2

2

GO:0044237

Cellular metabolic process

Biological Process

4.73E-08

188 (3.2)

GO:0010467

Gene expression

Biological Process

3.88E-06

90 (3.9)

GO:0006479

Protein methylation

Biological Process

0.0101

GO:0006351

Transcription, DNA-templated

Biological Process

0.0102

53 (3.7)

GO:0032259

Methylation

Biological Process

0.0278

10 (8.9)

GO:0008168

Methyltransferase activity

Molecular Function

0.0462

13 (6.6)

GO:0006119

Oxidative phosphorylation

Biological Process

3.25E-06

27 (61.4)

GO:0022900

Electron transport chain

Biological Process

1.13E-05

26 (57.8)

GO:0046034

ATP metabolic process

Biological Process

1.58E-05

49 (33.8)

GO:0006091

Generation of precursor metabolites and energy

Biological Process

4.30E-05

61 (28.6)

GO:0006818

Hydrogen transport

Biological Process

0.00105

26 (40.0)

GO:0042773

ATP synthesis coupled electron transport

Biological Process

0.00272

16 (55.2)

GO:0005746

Mitochondrial respiratory chain

Cellular Component

0.00641

14 (56.0)

GO:0008137

NADH dehydrogenase (ubiquinone) activity

Molecular Function

0.0345

10 (58.8)

GO:0016491

Oxidoreductase activity

Molecular Function

0.0462

124 (17.3)

8 (13.8)

Blue: UL (r = +.43)
2

Black: NL (r2 = +.48), UH (r2 = .49)
GO:0006417

Regulation of translation

Biological Process

0.00343

14 (7.1)

GO:0010608

Post-transcriptional regulation of gene expression

Biological Process

0.00343

15 (6.8)

GO:0010467

Gene expression

Biological Process

0.0103

60 (2.5)

GO:0044237

Cellular metabolic process

Biological Process

0.0251

118 (2.0)

GO:0003723

RNA binding

Molecular Function

0.0173

24 (3.7)

may be reflective of separate groups of pooled maternal genotypes.

upwelling conditions compared to offspring of mothers that experi-

While it is not possible to separate maternal genotype effects from

enced nonupwelling conditions (Tables 2, 3). The environmental his-

treatment effects, the expression patterns and GO terms identified

tory of the parents may have impacted certain epigenetic

here appear to be indicative of a transcriptomic response to differ-

characteristics in their progeny. Epigenetic inheritance is one mecha-

ent environmental conditions. These observations are addressed for

nism by which TGP may operate, but unfortunately, little is known

the remainder of the Discussion.

about epigenetic mechanisms in marine metazoans and how they
operate in an environmental change context (Hofmann, 2017). Epige-

4.1 | Maternal influence on epigenetic processes

netic modifications can rapidly alter gene expression and may subsist
across generations, potentially contributing to long-term adaptation

A notable difference in the transcriptome comparison was the differ-

in marine systems (Suarez-Ulloa, Gonzalez-Romero, & Eirin-Lopez,

ential expression of genes related to epigenetic processes. Here,

2015). In this study, gastrulae that exhibited a relative down-regula-

genes related to methylation, methyltransferase activity, histone

tion of genes related to epigenetic processes also showed a relative

modification and epigenetic regulation of gene expression were rela-

down-regulation of genes related to transcription, regulation of tran-

tively down-regulated in offspring of mothers that experienced

scription, transcription factor activity and translation factor activity.
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However, there is much to be understood regarding how epigenetic

breakdown because an increase in protein turnover is likely energeti-

modifications regulate gene expression in marine metazoans, particu-

cally costly. Despite these similarities, the transcriptomic response of

larly in echinoderms (Hofmann, 2017). It has been proposed that lim-

the progeny of upwelling mothers to different pCO2 levels (i.e., UH

iting DNA methylation can contribute to an increase in phenotypic

versus UL) was largely distinct from the response of the progeny of

plasticity under highly variable conditions by effectively increasing

nonupwelling mothers (i.e., NH versus NL) (Figure 4). Notably, the

transcriptional opportunities of genes involved in the response to

transcriptomic response to high pCO2 conditions was comparatively

changing environmental conditions (Roberts & Gavery, 2012). As

minimal in offspring whose mothers experienced nonupwelling con-

such, the reduction in DNA methylation in the progeny may allow

ditions during gametogenesis, both in terms of the number of genes

gastrulae to be primed and ready to respond to more extreme or

that were differentially expressed as well as their log-fold change in

variable environmental conditions. Future epigenetic analyses will

expression.

continue to help elucidate the transcriptomic patterns observed
here.

It may be expected that offspring would actively regulate ion
transport and homeostasis in response to high pCO2 conditions, as
urchin larvae have been shown to transport ions across cell mem-

4.2 | Maternal influence on metabolic processes

branes to regulate their internal pH (Stumpp et al., 2012). Prior transcriptomic studies have reported an over-representation of genes

The progeny of the two groups of differentially conditioned mothers

related to ion transport in urchins exposed to experimentally acidi-

also differed in their expression of genes related to metabolic pro-

fied conditions (Evans & Watson-Wynn, 2014). However, this was

cesses, which were relatively down-regulated in the progeny of the

not observed here as only progeny of upwelling-conditioned mothers

upwelling-conditioned mothers (Tables 2, 3). It is possible that the

raised under low pCO2 (UL) exhibited these expression patterns

colder temperature experienced by the upwelling-conditioned urchins

(Table 3). The progeny of upwelling-conditioned mothers raised

during gametogenesis led to a reduced metabolism in their offspring.

under low pCO2 levels (i.e., UL) exhibited a relative up-regulation of

However, all the embryos were raised at the same temperature, so

genes related to ion regulation, including those related to ion bind-

the temperature under which development occurred would not be

ing, ion transport, ion homeostasis, ion transmembrane transporter

expected to directly affect metabolic processes. In other studies,

activity, ion channel activity and hydrogen transport. Interestingly,

metabolic depression has been an observed physiological response in

ion regulatory genes were up-regulated in UL relative to UH, and no

marine invertebrates exposed to elevated pCO2 (Carter, Ceballos-

such genes were differentially expressed between the progeny of

Osuna, Miller, & Stillman, 2013; Evans & Watson-Wynn, 2014; Naka-

nonupwelling mothers (i.e., NH versus NL). Therefore, it appears par-

mura, Ohki, Suzuki, & Sakai, 2011; Todgham & Hofmann, 2009). Thus,

ental conditioning had an impact on the ion regulatory response of

the findings reported in this study are in line with what might be

their offspring.

expected in organisms raised under high pCO2 levels or upwelled

Additionally, UL gastrulae exhibited a relative up-regulation of

waters (i.e., combined high pCO2 and low temperature). The primary

genes related to oxidative phosphorylation, ATP synthesis coupled

departure here is that these characteristics were found in progeny if

electron transport, ATP binding and ATP metabolic processes

their mothers were exposed to upwelling conditions (~1,100 latm

(Tables 2, 3). Pan et al. (2015) found that, in S. purpuratus raised

pCO2, ~14°C) during gametogenesis, and remained regardless if they

under elevated pCO2 conditions, a higher level of ATP was allocated

were raised under low or high pCO2 conditions at ~15°C (i.e., UL and

towards ion regulation. The UL gastrulae may be focusing more tran-

UH). Therefore, these characteristics of the embryonic transcriptome

scriptomic regulation towards increasing ATP production to provide

may tentatively be attributed to maternal effects from adult urchins

more energy towards ion regulation and acid–base homeostasis as a

that have experienced upwelling conditions, rather than an immediate

means of coping with a change in pH conditions (Pan et al., 2015).

response of the progeny to their culturing environment. In the future,

Evans et al. (2017) found that S. purpuratus from populations that

metabolic rate can be measured to determine whether a difference is

frequently encounter low pH seawaters expressed greater levels of

detectable between embryos at the physiological level.

genes related to ATP production than urchins that encounter low
pH less frequently. Therefore, females conditioned to high pCO2

4.3 | TGP in the response to high pCO2

levels associated with the upwelling treatment may have “primed”
their offspring to experience similar pCO2 levels. However, this was

Regardless of parental conditioning, all progeny appeared to down-

not observed in the upwelling-conditioned progeny raised under high

regulate genes related to protein homeostasis processes as a

pCO2 levels (UH). It is possible that UH gastrulae were already suit-

response to elevated pCO2 levels, including genes associated with

ably prepared for high pCO2 levels and did not need to actively reg-

protein catabolic processes, proteolysis, peptidase complex and

ulate ions to reach homeostasis. We propose the expression

endopeptidase activator activity (Table 2, S5). Under elevated pCO2

patterns observed in UL are due to maternal conditioning in prepara-

levels, S. purpuratus has been shown to increase rates of protein syn-

tion for upwelling-like conditions, acting in combination with the

thesis while decreasing protein depositional efficiency (Pan, Apple-

sudden change to low pCO2 conditions during early development,

baum, & Manahan, 2015). The progeny raised under high pCO2

forcing the embryos to adjust to conditions different to what their

levels may be down-regulating genes associated with protein

mothers experienced.
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It has been suggested that existing resistance to low pH condi-

1133

in epigenetic and metabolic processes. This expression pattern per-

tions in some S. purpuratus populations is a result of exposure to

sisted regardless of which pCO2 condition the progeny was raised

upwelling and the resulting natural pH variation over long timescales,

under (i.e., UL and UH). Adult conditioning impacted how the pro-

allowing for selection and possible local adaptation that favours toler-

geny responded to high pCO2 levels, affecting ATP production, pos-

ance to low or fluctuating pH levels (Evans et al., 2017; Kapsenberg,

sibly for use in ion transport and ion homeostasis. These results

Okamoto, Dutton, & Hofmann, 2017; Kelly et al., 2013; Padilla-

might be indicative of mothers effectively priming their offspring to

~o et al., 2013; Pespeni, Chan et al., 2013; Pespeni, Sanford
Gamin

respond to similar conditions that they themselves experienced dur-

et al., 2013). Due to the natural mosaic of pH variability found in the

ing gametogenesis. This study highlights the importance of transgen-

CCS (Chan et al., 2017; Feely et al., 2008; Hauri et al., 2009; Hof-

erational effects in the response of S. purpuratus EDSs to abiotic

mann et al., 2014; Kroeker et al., 2016), some populations may be

stress and provides support that in nature, TGP may be an important

more tolerant than others (Evans et al., 2017; Kelly et al., 2013;

mechanism by which this species copes with rapid changes in the

Pespeni, Chan et al., 2013; Pespeni, Sanford et al., 2013). For

environment. A better understanding of these processes will facili-

instance, Kelly et al. (2013) found lower sensitivity to low pH experi-

tate predictions regarding how S. purpuratus populations will persist

mental treatments in offspring of sires from a site characterized by

under future ocean conditions.

stronger, more frequent upwelling. Evans et al. (2017) reported that
populations exposed more frequently to low pH conditions in nature
responded differentially to low pH experimental treatments, particu-
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